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Azimuthally undersampled projection reconstruction (PR) ac-
quisition is investigated for use in myocardial wall tagging with
MR using grid tags to provide increased temporal and spatial
resolution. PR can provide the high-resolution images required
for tagging with very few projections, at the expense of artifact.
Insight is provided into the PR undersampling artifact, in the
context of measuring myocardial motion with tags. For Fourier
transform imaging, at least 112 phase-encodings must be col-
lected to image tagging grids spaced 7 pixels apart. PR requires
about 80 projections, a 1.4-fold reduction in scan time. Magn
Reson Med 45:562–567, 2001. Published 2001 Wiley-Liss, Inc.†
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Myocardial wall motion imaging is an important diagnos-
tic tool for assessment of cardiac function (1). The con-
straint of breath-holding and the need for adequate tem-
poral resolution limit the spatial resolution achievable for
tagged imaging of the heart. Projection reconstruction (PR)
imaging with a limited number of angles has a low artifact
level with spatial resolution that is roughly independent of
the number of projections (Np) acquired (2). The image
resolution is primarily determined by the readout resolu-
tion.

Here we investigate the ability of limited-angle PR to
image myocardial wall motion with higher spatial and
temporal resolution compared to Fourier transform imag-
ing (i.e., raw data collected on a Cartesian grid, denoted
here as FT). PR is investigated and compared to imaging
with FT for tagging studies with grid patterns. Grid tags
oriented at 45° with respect to the readout direction were
chosen because they yield a 2D displacement field in a
single acquisition.

For imaging grid patterns oriented at 45° to the readout
direction, FT imaging faces the challenge of achieving
adequate spatial resolution in both the x and y directions
without a long breath-hold or a long temporal window
within the cardiac cycle. Increasing the temporal window
results in motion blurring, and increased breath-holds are
not well tolerated by patients. To achieve adequate tem-
poral and spatial resolution during a breath-hold, investi-
gators have used echo-planar trajectories (3–5). One of the
most efficient k-space reduction methods (6,7) uses stripe
tag patterns, and acquires a narrow band of central k-space
with good resolution only in the frequency-encoding di-
rection. This adequately samples the tags, which are ori-
ented perpendicular to the frequency-encoding direction,

but requires that the frequency-encoding direction be
swapped to obtain two orthogonal sets of tags, leading to
potential aliasing. Grid tag imaging of the heart with
7-pixel spacing has been reported using a 256 readout
resolution and from 144 (8) to 128 phase-encodings (9–
11).

The purpose of this investigation is to determine the
number of views, either phase-encodings or projections,
required to image grid tags using FT and projection recon-
struction. The number of views was reduced in the FT
acquisition by collecting fewer phase-encodings, i.e.,
lower resolution in the y direction. The number of views
was reduced in the PR acquisition by collecting fewer
projections, i.e., high spatial frequency aliasing.

The reduction in the number of projections in PR results
in a lower signal-to-noise ratio (SNR) due to decreased
averaging and to artifact that appears as either noise or
streaks. The artifact due to a limited number of projections
is dependent on the anatomical configuration to be im-
aged, which is predictable in the heart. Figure 1 shows a
short-axis view of the heart reconstructed with a
256 readout resolution and 256, 128, 64, and
32 projections. Even at 32 projections the endo- and epi-
cardial borders are well delineated.

These good results and the results of others (12) suggest
that PR can obtain tagged images of the heart with very few
projections, while providing 256 3 256 resolution, and
good temporal and spatial resolution. Here we investigate
the ability of limited-angle PR to image tags with fewer
views than is required for FT imaging.

THEORY

When the tag pattern is applied to the spin magnetization
in the object, this creates distinct peaks in k-space. The tag
pattern can be represented as a comb function in image
space, with spacing Tagspc. The positions of k-space peaks
are related to the tag pattern by:

S~k!tag 5 FTFcomb S x
TagspcDG

5 comb S k
1/TagspcD . [1]

Figure 2 shows grid tags on the heart wall and its k-space
representation. The tags were spaced 7 pixels apart in the
image, with 256 frequency- and phase-encodings. The k-
space representation shows a central peak and peaks at
positions labeled (kr, ku) 5 (60.14, 45° and 135°), (60.28,
45° and 135°), etc., corresponding to multiples of (1/7 5
0.14) of k-space, where k-space is normalized to extend
from 60.5. The k-space peaks are also labeled in pixel
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coordinates (kx, ky) in Fig. 2, normalized to 6 128. Note
that there are off-diagonal peaks (one is circled in Fig. 2).
These arise from convolving the two orthogonal tag pat-
terns. They represent the tag intersecting points in the
image, and are significant to accurate tag imaging (13). In
this work we obtain the lower limit on the number of
views required for imaging this type of tag pattern in the
heart. Both the PR and FT acquisitions must adequately
sample the tagging signal located at the peaks shown in
Fig. 2.

Sampling for FT

The two influences on tag position estimation accuracy are
image noise, and the tag pattern shape (14). Delineation of
tag pattern shape depends on sampling the k-space peaks
of the tag pattern, as shown in Fig. 2. This requires high
spatial resolution in the x and y directions. The tags can
are delineated by these peaks, which occur at kr 5 6 1/7,
2/7, and 3/7 cycles/pixel (for 7-pixel spacing, as in Fig. 2).
In terms of phase-encoding lines, the first peaks corre-

sponds to 2 z (1/7) z cos(45°) z 256 5 51.5 phase-encodings.
The second and third peaks can be captured by acquiring
more than 103 and 155 phase-encodings, respectively.

Sampling for PR

For PR, decreased numbers of projections provide main-
tained resolution, reduced scan time, lower SNR, and in-
creased artifacts. The image produced by angular under-
sampling can be obtained by convolving the angularly
undersampled point spread function (PSF) with the arti-
fact-free image. The PSF provides insight into the artifact
from undersampling; however, additional insight can be
obtained using the concept of wraparound artifact or alias-
ing caused by undersampling. The outcome of undersam-
pling k-space at the specific frequencies of the tags (see
Fig. 2) must be determined. The outcome of undersam-
pling has been previously investigated for x-ray CT (15–
17) and for MR (2,18); however, nothing comparable to the
Nyquist theorem of FT imaging exists for PR.

We present here a discussion of the artifact generated by
azimuthal undersampling of each spatial frequency. The
projections are obtained at evenly spaced angles. The sam-
pling of k-space along projections is shown in Fig. 3. The
undersampling increases linearly with kr. The FOV for a
signal at a position in k-space (kr, u), FOV(kr), is deter-
mined by the azimuthal spacing of samples, Dku (kr), in
analogy to the FOV in Cartesian sampling:

1
FOV~kr!

5 Dku~r! <
p

Np
z kr. [2]

FIG. 1. A short-axis slice of the heart with 256 3 256 in-plane
resolution, reconstructed with 256, 128, 64, and 32 projections. This
demonstrates that undersampled PR is well suited for cardiac im-
aging. Notice that the endocardial border is well resolved, even with
32 projections.

FIG. 2. Example of a tagged image of the
heart, using grid tags oriented at 45°. The
k-space representation shows strong peaks
throughout the kx-ky plane. Sampling and
representing the tags requires high spatial
resolution in the x and y directions. The
positions of the peaks determine the extent
of the ky data that must be acquired. The
positions of the spectral peaks are labeled
using polar coordinates (kr,u) with kr normal-
ized to 60.5, and in (kx,ky) coordinates nor-
malized to 6128.

FIG. 3. Sampling scheme for undersampled PR. The FOV for each
frequency (kr,u) in k-space is determined by the azimuthal spacing
Dku (kr).
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Simulations demonstrate how the aliasing appears in the
image. A plane wave in image space, with frequency kr,
oriented at a 45° angle, was generated, and multiplied with
a central Gaussian 9 pixels in width. This represents a 2D
wave packet, a central localized signal of a particular fre-
quency. This image was subject to undersampling, to ob-
serve the aliasing pattern. Figure 4 shows the under-
sampled objects with carrier frequencies kr 5 1/7 and 2/7
cycles/pixel. These frequencies were chosen because they
represent the tag frequencies. The undersampled images
were reconstructed with 64 and 96 projections. The images
show the centrally located original object and the artifact.

The artifact appears as signal at the original frequency
replicated at a distance from the original object, which is
determined by Eq. [2]. Note that increasing the number of
projections moves the artifact away from the object. The
artifact appears as a signal of about the same intensity and
frequency as the object that produced it, at a predictable
distance from the orignal object. The artifact is character-
ized in Table 1. The distance between the aliasing and the
central artifact-generating object is compared to the pre-
dicted distance. The ratios of the aliasing signal to the
original signal are compared, and the wavelength of the
aliasing modulation is compared to the original wave-
length. Figure 6 and Table 1 support the view that aliasing
of a particular spatial frequency appears at an FOV given
by Eq. [2], with a frequency and signal comparable to the
original signal and frequency. If the object shifts within the
FOV, the artifact pattern shifts accordingly.

With these considerations, undersampling of the tag fre-
quencies is limited by the requirement that aliasing of tag
frequencies should not obscure the object of interest, i.e.,
that aliasing from one tagged object should not overlie the
tagged myocardium.

Reduction in numbers of projections (Np) also results in
reduced SNR, through a well-known dependence on aver-
aging, SNR } =Np. However, signal collection efficiency
(SNR/=Np ) is maintained until, at low Np, undersampling
produces artifact that acts as noise to obscure the image.

METHODS

Data Acquisition and Reconstruction

The 2D PR pulse sequence and the PR trajectory are de-
scribed in Ref. 2. The pulse sequence was a modification of
a commercial ECG-gated 2D fast segmented multiphase
gradient-echo sequence with tagging preparation pulses.
All of the projections were divided into N angular regions,
with N equal to the number of views per segment. The
timing of the segmented acquisition is such that all of the
projections in an angular region were collected at the same
delay time with respect to the start of each cardiac phase.

The sequence was implemented on a GE 1.5 Tesla LX
scanner equipped with 4 G/cm gradient strengths and slew
rates up to 120 mT/m/s. A cardiac phased-array coil was

FIG. 4. A central Gaussian 9 pixels in width, multiplied by a plane
wave of a discrete spatial frequency, is subject to undersampling.
The artifact pattern is shown for 96 and 64 projections, and carrier
frequencies of kr 51/7 and 2/7. The artifact generated by the local-
ized plane waves appears at a distance predicted by Eq. [2]. The
signal intensity and frequency of the artifacts are about the same as
the signal and frequency of the generating object. See Table 1.

Table 1
The Artifacts of Figure 4 Are Characterized by Their Wavelength, Distance From the Original Object, and Signal Intensity of Artifact
Relative to the Original Object, Using Numbers of Projections, Np 5 64 and 96, and Central Wave Packet Spatial Frequencies kr 5 1/7
and 2/7 Cycles/Pixel

Kr, Np

Wavelength of
central wave

packet (pixels)

Wavelength
of artifact

(pixels)

Distance
between central

wave packet
and artifact

Predicted
distance
(pixels)

Artifact signal
(peak to peak)
4 wave packet

signal

Kr 5 1/7
Np 5 64 7 ;7 ;144 142.6 63%

Kr 5 2/7
Np 5 64 3.5 ;3.5 ;72 71.3 88%

Kr 5 1/7
Np 5 96 7 Not observed .181 213.8 Not observed

Kr 5 2/7
Np 5 96 3.5 ;3.5 ;109 106.9 58%
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used for human volunteers. The grid pattern was applied
with presaturation pulses consisting of seven tagging
SPAtial Modulation of Magnetization (SPAMM) RF pulses
(19) with relative amplitudes (5,7,9,10), oriented at 45°
from the readout direction and spaced 7 pixels apart, with
a composite 180° flip angle. The reconstruction of data was
performed offline using a regridding algorithm (20) and 2D
FT of the data.

Simulations

In order to predict the result of acquiring images of the
heart with reduced numbers of projections, fully sampled
tagged magnitude MR images (I(x,y)) of the heart were
obtained, and convolved with the well known under-
sampled PR PSF with reduced numbers of projections (18)
to obtain an image with artifact, Î(x,y): Î 5 PSF (Np) R

I(x, y). The input MR image was acquired with scan pa-
rameters: 36-cm FOV, 8-mm slice, full echo, TR/TE/flip 5
7.0ms/2.0ms/12°, 6 32 kHz BW, grid tags spaced at
7 pixels, oriented at 45°, 256 3 256 projections, cardiac
phased-array coil. It was necessary to use a human tagged
cardiac image for this simulation to determine the condi-
tions under which the artifact from tagged objects in the
FOV overlies the heart. Convolution with a PSF has an
advantage over reconstructing a fully sampled image with
reduced number of views, because the outcome of using an
arbitrary number of projections can be simulated from the
same data.

Imaging Experiments

Phantom experiments were performed with a circular uni-
form water and copper sulfate phantom. PR and FT acqui-
sitions were obtained with grid tag patterns at 45°. Internal
Review Board approved informed consent was obtained
from all volunteers. In normal volunteers, single mid-ven-
tricular short-axis slices were imaged using PR and FT
acquisitions with equal numbers of views. A 256 readout
resolution, and 64–256 phase-encodings or projections
were acquired, and the PR and FT images were compared.

RESULTS

Simulations

Figure 5 shows the result of convolving a tagged, fully
sampled short-axis image of the myocardium with under-
sampled PSFs. Visual inspection shows that the tagged
hyperintense anterior chest wall is generating the artifact,

which appears on the posterior free wall of the myocar-
dium. The artifact moves steadily away from the wall as
the number of projections is increased. Using Eq. [2], the
predicted distance between the the anterior chest wall and
the artifact it generates (due to the signal at kr 5 2/7
cycles/pixel) is 71, 80, 89, and 98 pixels, which agrees
roughly with measurements on the images in Fig. 5. The
simulation indicates that between 64 and 96 projections,
acceptable undersampled images can be obtained for this
geometry.

Phantom Experiments

Tagged phantom images using 256, 168, 144, 112, 96, and
64 views are shown in Fig. 6. Qualitatively, reduced views
provide images of lower SNR, appreciable artifact, and
resolution equal to fully sampled images for PR. For FT,
tag sharpness decreases, but SNR improves. The FT grid
pattern’s sharpness decreases suddenly between 168 and
144 phase-encodings because of the loss of the third k-
space peak (see Fig. 2). Between 112 and 96 lines, the FT
tags drastically deteriorate because of the loss of the sec-
ond k-space peak (see Fig. 2). These phantom results sug-
gest that low-resolution tagging studies should acquire
k-space data just beyond one of these transition points. In
particular, the tag pattern can be delineated with two
harmonics, or by sampling just beyond kr 5 6 2/7 cycles/
pixel (for 7-pixel spacing). This corresponds to acquiring
more than 103 phase-encodings (see Fig. 2).

In Vivo Experiments

Figure 7 compares tagged images of the heart in a human
volunteer for FT and PR. The tagged myocardium image

FIG. 5. The results of convolving undersampled PSFs for 64, 72, 80, and 88 projections with a fully sampled tagged image. A view of the
entire FOV reconstructed with 256 projections is also shown. Visual inspection shows that the undersampling artifact arises mainly from the
hyperintense signal on the anterior chest wall. The artifact recedes from the myocardium as more views are used.

FIG. 6. Tagged phantom images using 256, 168, 144, 112, 96, and
64 views. Top row: FT grids; bottom row: PR grids.
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was acquired with an 80 projection PR acquisition, and an
80 phase-encoding FT acquisition. The scan parameters
were: 32-cm FOV, 256 readout resolution, grid-tags spaced
7 pixels apart oriented at 45°, eight views per segment,
8-mm-thick slice, TR/TE/flip 5 7.1 ms/2.1ms/10°, 632
kHz BW, full echo, 10-heart-beat breath-hold.

The PR image provides clearer tag delineation than FT,
with 80 views. Corresponding FT and PR images obtained
with 256 views are also shown.

DISCUSSION

This investigation shows that FT imaging of tags requires
at least 112 phase-encodings to track the tags for grids
oriented at 45°, spaced 7 pixels apart. This limit varies
inversely with tag spacing. If fewer than 112 phase-encodings
are obtained, tag line contrast is very low (see Figs. 6 and
7), so this is a strong lower limit. One hundred-sixty
phase-encodings will improve tag line delineation further
(third harmonic in Fig. 2). Additional phase-encodings
will only increase scan time, and reduce SNR, and will not
provide better tagged images.

For PR imaging, about 80 projections are required to
image tags spaced 7 pixels apart. This limit also scales
inversely with tag spacing. This represents a speed in-
crease of about 1.4 compared to FT imaging. Eighty pro-
jections provide an FOV of about 89 pixels for the tag
signal from the second harmonic in k-space. This moves
the artifact from the anterior chest wall away from the
myocardium (see Fig. 5). This number will vary some from
person to person, and with FOV.

This investigation determined the minimum sampling
requirements in terms of phase-encodings and projections
for tagged imaging. However, other methods can be used to
provide further reductions in the actual number of views
acquired. Reduced FOV imaging can be implemented in
conjunction with multiphase imaging for FT (21) or PR

(18,22), providing the opportunity to reduce the scan time,
or obtain reduced artifact for PR, and increased resolution
for FT. Although many published tagging studies em-
ployed full FOVs, fractional FOV (3/4 FOV) can be used
with FT techniques to provide higher resolution without
increase in scan time. The undersampled PR images al-
ready enjoy the benefits associated with a partially empty
FOV because less material is available for aliasing. The
undersampling techniques SENSitivity Encoding (SENSE)
(23) and Simultaneous Acquisition of Spatial Harmonics
(SMASH) (24) may be applied to either method, offering
additional reductions in speed, although to date they have
not been used for PR.

This study compares the ability of PR and FT to spatially
resolve grid tags using reduced numbers of views, focusing
on the tradeoffs between the low resolution of FT, and the
artifacts of PR. The SNR is often the critical factor in
establishing an imaging protocol. The imaging protocol
used in this study provided adequate SNR for each
method. However, if thinner slices, higher bandwidths, or
smaller FOVs were chosen, the SNR reductions would
reduce the PR image quality more than FT, because of the
already low SNR of the undersampled high-resolution PR
images. In order to obtain acceptable images with under-
sampled PR, imaging protocols with increased SNR are
needed. Potential methods for improving SNR include true
fast imaging with steady state precession (FISP) imaging,
lower bandwidth imaging, and improved coils. SNR can be
increased for cardiac cine imaging by increasing the effec-
tive TR through slice interleaving (25).

The imaging of tagged myocardium presents the greatest
challenge for undersampled PR, which relies on the lim-
ited signal strength of high spatial frequencies. Although
images of left ventricular function can be adequately sam-
pled with as few as 32 projections (Fig. 1), the intentional
introduction of sharp tag lines for tracking the discrete
material points of the myocardium provides increased sig-
nal strength at specific high spatial frequencies, creating
artifact. Figure 4 and Table 1 provide insight about the
generation of artifacts by undersampling for specific fre-
quencies. The undersampled signal at a specific frequency
appears in the image at its proper location, and in another
location displaced by its alias-free FOV(kr) with a similar
signal strength and frequency. The lower spatial frequen-
cies do not alias at all. For purposes of tagging, the ability
to predict the position, relative to a tagged object, of the
aliasing of the tag frequencies is useful. For tags, the arti-
facts are acceptable if the number of projections is great
enough to displace them from the object of interest, the
myocardium.

CONCLUSIONS

This investigation finds that PR requires fewer views than
FT for imaging grid tags oriented at 45°. For FT imaging, at
least 112 phase-encodings are needed to image grid tags
with 7-pixel spacing. For PR imaging, reduced numbers of
projections are acceptable until the artifact from the ante-
rior chest wall appears on the myocardial wall, which
occurs at about Np 5 80. SNR also limits the reduction in
numbers of projections. PR can provide a scan-time reduc-
tion of 1.4 compared to FT.

FIG. 7. Tagged images of the heart using PR and FT. With
80 projections, PR provides superior tag delineation in a scan time
equal to that of FT.
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